This work aims at analysing the influence of both module temperature and solar spectrum distribution on the outdoor performance of the following thin film technologies: hydrogenated amorphous silicon (a-Si:H), cadmium telluride (CdTe), copper indium gallium selenide sulfide (CIGS), and hydrogenated amorphous silicon/hydrogenated microcrystalline silicon hetero-junction (aSi:H/ c-Si:H). A 12-month experimental campaign carried out in a sunny inland site in which a module of each one of these technologies was tested and measured outdoors has provided the necessary empirical data. Results show that module temperature exerts a limited influence on the performance of the tested a-Si:H, CdTe, and a-Si:H/ c-Si:H modules. In contrast, the outdoor behaviour of the CIGS module is the most affected by its temperature. Blue-rich spectra enhance the outdoor behaviour of the a-Si:H and a-Si:H/ c-Si:H modules while it is the other way round for the CIGS module. However, the CdTe specimen shows little sensitivity to the solar spectrum distribution. Anyway, spectral effects are scarcely relevant on an annual basis, ranging from gains for the CIGS module (1.5%) to losses for the a-Si:H module (1.0%). However, the seasonal impact of the spectrum shape is more noticeable in these two materials; indeed, spectral issues may cause performance gains or losses of up to some 4% when winter and summer periods are considered.
Introduction
Doubtless, crystalline silicon (c-Si) is today's photovoltaic (PV) dominating technology. Although it will likely preserve its prevalence in the near and midterm, PV designers and installers are increasingly interested in thin film technologies, still a small but noticeable share of the market. If all announced expansion plans had been completed in due time, thin film production capacity could already have reached around 17 GW-19% of the envisaged market-in 2012 [1] . Some estimates forecast thin film production capacity will rise up to 27 GW-or 24% of the reported future PV marketin 2015 [2] . In this sense, recent widely marketed modules using materials such as hydrogenated amorphous silicon (aSi:H), cadmium telluride (CdTe), copper indium gallium selenide sulfide (CIGS), and hydrogenated amorphous silicon/hydrogenated microcrystalline silicon heterojunction (a-Si:H/ c-Si:H) will certainly play a crucial role in PV system engineering over the next years due to their ceaseless declining cost and improved outdoor performance [1] [2] [3] .
The estimation of the PV electricity yield from the climate conditions of a given site is essential in PV engineering. Hence, understanding the outdoor electrical behaviour of PV modules is a key issue for this electricity yield estimation. A wide variety of numerical, algebraic, and empirical methods referenced in the literature [4] [5] [6] [7] [8] [9] [10] [11] [12] have succeeded in estimating quite accurately the c-Si PV module outdoor performance. These methods basically state the relationship between the outdoor performance of these devices and two environmental factors: incident irradiance ( , in W⋅m −2 ) and module temperature ( mod , in ∘ C).
However, this outdoor behaviour is not understood to such a large extent for thin film technologies [13, 14] .
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In fact, the peculiarities of their spectral responses make these technologies more sensitive to the spectral distribution of the irradiance than those based on c-Si. Therefore, the spectrum shape must be taken into account when modeling the power output of a thin film PV module, in addition to and mod . Some efforts approaching this issue are worthy mention, just to give some instances. Thus, in spite of being quite accurate, the Martín and Ruiz model [15] , based on equations that derive the effective responsivity of the modules from the optical air mass and the clearness index, has been solely proposed for c-Si and a-Si:H. Also, some "one-of-akind" complex models addressed to modelling the efficiency of a specific CIGS module have been proposed. This sort of complex models usually involve the clearness index, the optical air mass, and some empirical coefficients [16, 17] , which cannot be conclusive for thin film technology, in general.
An interesting, well-proven, and useful method to predict the electricity yield for a given site has been reported for PV grid-connected systems (PVGCS) that use c-Si, aSi:H, a-Si:H/ c-Si:H, and a-Si/a-SiGe/a-SiGe technologies in Kusatsu city (Japan, latitude 35 ∘ N, longitude 136 ∘ E) [18] [19] [20] . To summarise, this method is mainly based on (a) obtaining a contour graph for each technology in which the module performance ratio (PR) is depicted versus a spectral index termed average photon energy (APE, in eV, to be stated below) and mod , and (b) producing contour graphs of the collected incident irradiation versus APE and the ambient temperature ( amb , in ∘ C) of the site, which leads to a suitable characterisation of the specific site from a spectral point of view. Since mod may be derived from amb and some other environmental factors such as wind speed, a suitable combination of the diagrams obtained in (a) and (b) is the key to achieve a good estimation of the energy yield of the above PV technologies. It should be understood that values of APE depend on the measurement wavelength interval of the spectrum. Thus, in the above works, a wavelength interval ranging from 350 to 1050 nm was considered, so that APE of the AM 1.5 G spectrum equals 1.88 eV. Anyway, this issue will be dealt with more deeply in this paper. Nevertheless, the method described above still requires a lot of research aimed at improving the understanding of the behaviour of thin film materials under natural sunlight. Thus, although CIGS and CdTe are second and third, respectively, regarding projected thin film production capacity-a-Si:H heads this rank [2] -no contour graphs depicting PR versus APE and mod for these important technologies have been produced so far. Further, these contour graphs have not been obtained for sites with inland climates, in which levels of water vapour are lower-a fact that leads to shift the solar spectrum to the red-than those of sites which have a maritime climate, in which "blue rich" solar spectra prevail. More specifically, the solar spectral influence on PV materials performance has been explored for values of APE ranging from 1.85 to 2.03 eV. Therefore, the influence exerted by a "red rich" dominating spectrum on thin film technologies still remains to be suitably ascertained; that is, the impact of solar spectra with APE lower than 1.85 eV on such technologies has not been analysed yet. Last, but not least, the works described in the previous paragraph are supported on experimental data which were drawn from the operation monitoring of several PVGCS, whose PV fields had not been calibrated at standard test conditions (STC). This experimental setup introduces some sources of uncertainty, in principle. Thus, the values for the peak power of these PV fields used in PR calculations and its further analysis have been taken from the module manufacturers' data sheets, which probably differ from the real calibrated peak power values. Further, uncertainty is also introduced in the maximum power point tracking of the PV fields; these errors should not be underestimated as most reported systems date their start of operation back to a time interval between 1998 and 2004. Existing inverters by then did not show such low values for error in maximum power point tracking as state-of-the-art inverters do nowadays. Besides, these works have not taken into account the impact on PR of the angle of incidence (AOI, in ∘ ) combined with dirt. Seasonal annealing experienced by the a-Si:H material has not been properly addressed, either.
This work aims at achieving a wider knowledge of the influence of module temperature and solar spectrum distribution on the outdoor performance of thin film PV materials, following the approach described above. Also, this work attempts to amend the shortcomings identified in the previous paragraph as much as possible. Thus, four thin film PV modules-a sample for each one of four considered technologies (a-Si:H, CIGS, CdTe, and a-Si:H/ c-Si:H)-were installed outdoors in the city of Jaén (Spain, latitude 37 ∘ N, longitude 3 ∘ W, with a Mediterranean-Continental climate). This city is spectrally characterised by enhanced levels of long wavelengths-when compared to maritime and humid sites-due to its sunny inland and dry climate. Thus, the four selected PV specimens underwent an initial calibration in STC prior to be deployed outdoors and another one after their exposure, to check their stability over time. A 12-month experimental campaign was carried out basically intended to scan current ( , in A) voltage ( , in V) curves of these specimens together with some other environmental parameters at which these curves were scanned. For each one of the tested PV modules, a contour graph was obtained in which their outdoor performance is depicted versus APE and mod , following the approach previously described [18, 21] . PR over the experimental campaign was calculated for each tested PV module. Then, the impact of some phenomena that influence the performance of each considered PV technology over the 12-month test and measurement period-including module temperature and spectral effects-is quantified. Last, some important conclusions regarding the impact of the spectral irradiance distribution and mod on the outdoor behaviour of the tested thin film PV modules are derived from the analysis of both the contour graphs and the quantified effects of these two influencing factors.
Materials and Methods
This section deals with a short tutorial focused on APE, introduced as a meaningful and convenient spectral index together with a description of the experimental setup from which the results to be presented here were obtained. The methodology followed to achieve the targets detailed in the previous section is also described.
The Average Photon Energy.
A suitable characterisation of different spectra is a crucial requirement to assess how the solar spectral variations influence the performance of thin film PV materials. Thus, some atmospheric parameters such as the clearness index and the optical air mass condense important information on the solar spectrum distribution [15, 17] . Nevertheless, in principle, a spectral distribution should be characterized by means of a single parameter, which could lend itself to be used just as the above environmental factors and mod . Bearing this in mind, the data recorded using a spectroradiometer are not especially adequate to achieve this characterisation, since these data consist of a more or less large set of points within a given wavelength interval, depending on the spectral range and the resolution of the used instrument. In this sense, APE has been proposed as a single index that characterizes the shape of the incident irradiance spectrum [18, 21, 22] and, consequently, characterises its "colour. " Thus, high values of APE imply that the solar spectrum is shifted towards the blue, as depicted in Figure 1 . This index is calculated by dividing the integrated incident irradiance by the integrated photon flux density:
where
is the incident spectral photon flux density, and [nm] and [nm] are the lower and upper wavelength limits, respectively, of the interval of the spectrum to be considered. The measurement range of the spectroradiometer usually determines the values for and .
It stems from (1) that APE is an index that does not depend on the specific PV material under analysis. Besides, its uniqueness for the spectra measured in a particular site and climate has been raised [23] . Thus, APE is a meaningful and convenient index to determine the impact of the solar spectrum on PV devices outdoor behaviour [14, 24, 25] . Last, (1) shows that, given a specific solar spectral distribution, the value for APE highly depends on the lower and upper wavelength limits-and , respectively-used for its calculation. Thus, APE for the AM 1.5 G reference spectrum is equal to 1.88 eV if the wavelength range 350-1050 nm is considered while this value lowers down to 1.59 eV for the range 350-1700 nm [18] . 
Experimental Setup.
A PV module of each considered technology (a-Si:H, CIGS, CdTe, and a-Si:H/ c-Si:H) was deployed outdoors in the city of Jaén on December 2010. The outdoor calibration in STC of all the significant electrical parameters of these four thin film PV modules was carried out in the University of Jaén research facilities on October 2011, prior to the beginning of the experimental campaign to be detailed below. The most meaningful measured parameter for our purpose-the calibrated peak power ( * CAL , in W)-is shown in Table 1 . The nominal peak power, as provided by the manufacturer data sheets ( * NOM , in W), is also provided in this table. A ten-month term ranging from December 2010 to October 2011 was considered a reasonable duration of the outdoor exposure to ensure the initial stabilization of the tested specimens. In fact, they underwent a new outdoor calibration in the same facilities after the completion of the aforementioned experimental campaign, in November 2012. Results gathered in Table 1 prove that this assumption was suitable for the objectives of our work. Consequently, the outdoor initial calibration values were assumed as the real peak power of each one of the CIGS, CdTe, and a-Si:H/ cSi:H tested PV modules in the experimental results which are to be presented hereafter. The real peak power assumed for the a-Si:H specimen will be detailed in Section 3.3 in order to take into account the seasonal annealing which this material experiences over the year.
The used outdoor test and measurement research facilities are installed in the High Technical School building of the University of Jaén. An equator-facing open rack with a tilt angle of 35
∘ is mounted and located on the flat roof of this building. The four thin film PV modules were fixed on this open rack. The basic features of the test and measurement have been thoroughly described in some previous works [26, 27] . Thus, the I-V curve tracer system is based on a PVE PVPM 2540C capacitive load which is controlled by a PC running LabView. As the tracing curve process is underway the voltage-current pairs are recorded by means of two Agilent 34411A digital multimeters. The voltage and current data acquisition is synchronized thanks to an external trigger produced by an Agilent 33220A function generator so that the I-V pairs are recorded at the same time. Additionally, the above four PV modules could be tested sequentially using this setup, as four switchgear boxes of solid state relays controlled by means of a multipurpose Agilent 34970A data acquisition/data logger switch unit provide this feature. Regarding environmental parameters, and ( ) are measured by means of a Kipp & Zonnen CMP 21 pyranometer and an EKO MS700 spectroradiometer, respectively. Two four-wire resistive thermal detectors (RTD) Pt100 pasted at the back skin of each one of the PV modules aim at measuring the module temperature, while a Young 41382VC relative humidity and ambient temperature probe measures these two parameters. Finally, a Young 05305VM anemometer and a Vaisala barometric pressure sensor complete the experimental setup.
The I-V curve of each PV module together with the above parameters was periodically scanned every five minutes from November 2011 to October 2012, inclusive. Incident irradiance was measured at each I-V point in order to check any changes in this environmental parameter that might exceed 2%, due to transient cloud cover during measurement time. Measurements recorded in such changing environmental conditions have not been considered in the results to be presented hereafter. All these measurements have been taken during the time interval comprised between 10:00 and 14:00-the sun elevation is then higher than that of the rest of the day-so that the impact of the angle of incidence lends itself to be estimated in a simplified way, as shown in Section 3.3. Further, measurements with levels of below 300 W⋅m −2 have also been disregarded. Disregarding these measurements is justified since efficiency at low irradiance levels is hardly relevant [28, 29] . Additionally, low levels of light could turn the inverter into a net energy consumer in grid-tied systems [29] . Then, as only poor contributions to the total electricity yield can be expected below 300 W⋅m −2 in sunny sites [10, 30] , they have not been taken into account in this work. Additionally, this lower threshold allows omitting the performance losses of PV modules at low-light levels [31, 32] .
Methodology.
In this work, a short spectral characterisation of the collected irradiation over the experimental campaign is carried out first. Indeed, this characterisation proves to be useful to achieve a better understanding of some results shown later. Then, the influence of the module temperature and the spectral irradiance on the outdoor behaviour of the four tested PV modules is analysed in a qualitative way. This analysis is based on some contour graphs in which the module performance is depicted versus APE and mod . In addition, PR over the experimental campaign is obtained for each tested PV module. Last, the impact of some phenomena that influence the performance of each considered PV technology over the 12-month test and measurement period-including module temperature and spectral effects-is quantified.
The output DC energy ( DC , in Wh) delivered by each module during the 12-month experimental campaign was calculated by means of the integration of the maximum power obtained from each I-V curve over 5-minute time intervals. The same method was also applied to stored values ofmeasured by means of a pyranometer-in order to calculate the incident irradiation ( , in Wh⋅m −2 ) collected during these 12 months. The lower and upper limits of the considered interval of the spectrum-and , in (1)-were set to 350 and 1050 nm, respectively.
As commented in the previous section, data collected from November 2011 to October 2012, inclusive, have been used to produce the histogram and contour graphs to be shown next. These contour graphs depict the following, according to a colour code: (a) a matrix of and (b) matrices of PR, for each tested module. All these matrices have APE and mod for row and column, respectively, with a grid mesh size of 1 ∘ C × 0.005 eV. The procedure to create the above contour graphs may be summarized as follows [18] .
(1) The APE of is determined by the spectrum shape.
(2) The rows of both and DC are indexed by APE. Then, grid-mesh performance ratio (PR GM ), or performance ratio for each grid mesh, is calculated as follows: 
Results and Discussion
Over 9,500 I-V curves together with the same number of data corresponding to the different environmental factors listed in Section 2.2 were recorded for the tested CIGS, CdTe, and aSi:H/ c-Si:H PV modules during the 12-month experimental campaign. However, only over 3,500 experimental samples like those previously described were selected from the whole data set for the tested a-Si:H PV module. These samples correspond to months ranging from December to March, inclusive (winter period, from now on). Approximately the same amount of these samples was selected for this module corresponding to months ranging from June to September, inclusive (summer period, from now on). Presenting and discussing the experimental results obtained for the a-Si:H PV module according to the winter and summer period is key to address the effects of seasonal annealing which this PV material experiences. Figure 2 depicts a histogram in which the percentage cumulative contribution of APE classes to collected over the 12-month experimental period is shown. Over 60% of this parameter has been generated with values of APE below 1.88 eV (AM 1.5 G). This value is much higher than those reported for Kusatsu city (Japan, latitude 35 ∘ N, longitude 136 ∘ E) and Málaga (Spain, latitude 36
Spectral Characterisation of the Incident Irradiation Collected over the Experimental Campaign.
∘ N, longitude 4 ∘ W) which are below 30% for equator-facing surfaces with a tilt angle somewhat lower than the local latitude [21, 27] . This clearly indicates a higher red content of the spectral irradiance in Jaén than those of the other two sites, given the four-hour time window (10:00-14:00) within which spectra were measured. The inland location of Jaén when compared to those of Kusatsu city and Málaga should be kept in mind. The lower humidity of the atmosphere in Jaén leads to a smaller absorption by water vapour. Consequently, the fraction of spectral irradiance at longer wavelengths is increased; this causes a relative "red-rich" spectrum [25] . This spectral feature of the site will allow us to explore how incident spectral irradiance distributions with APE lower than 1.85 eV influence the tested PV specimens. It should be remembered again that previous works [18] [19] [20] have only dealt with APE values ranging from 1.85 to 2.03 eV.
Owing to the similarities found between the four contour graphs of GM collected over the experimental campaignone for each tested PV module, produced according to the methodology described in Section 2.3-only one of them is shown in Figure 3 . Indeed, the peculiarities of this contour graph can be assumed for the four modules under test. The colour related to each grid mesh-1 ∘ C × 0.005 eV in size-indicates the range of incident irradiation where the corresponding GM lies according to the colour code displayed on the right-hand side of Figure 3 . The relatively low value of collected over the experimental campaignsome 600 kWh⋅m −2 -is due to the fact that the considered time window when data were recorded in this campaign spans from 10:00 to 14:00. It is also worth pointing out that only a negligible fraction of impinged on the modules under test at STC (APE = 1.88 eV and mod = 25 ∘ C).
Performance of the Tested PV Modules as a Function of the Average Photon Energy and Module
Temperature. In this context, PR GM is an index that characterises the performance of a PV module at specific values of APE and mod , so that the influence of the irradiance intensity is negligible, given that measurements taken at incident irradiance levels below 300 W⋅m −2 have been left aside [31, 32] . An expression related to PR GM shown below will be most helpful in the discussion of results detailed hereafter. In this expression, some second-order effects are ignored-low performance at low-light levels as this is our case, AOI combined with dirt effects, and deviations of * CAL from * NOM -in order to compromise accuracy in favour of simplicity. Thus, as a first approach, this index may be written as follows [33] :
is the maximum power temperature coefficient of the module, *
mod [
∘ C] is the module temperature at STC, and SF −1 is the reciprocal of the spectral factor. The latter parameter may be written as
where AM1.5 G ( ) [W⋅m −2 ⋅nm −1 ] is the spectral irradiance of the standard AM 1.5 G spectrum and SR( ) is the relative spectral response of the PV device.
Values of SF −1 above 1 imply a better performance of the considered device under the actual spectrum than that higher than 1 implies spectral gains while SF −1 lower than 1 implies spectral losses. Figures 4-6 show the contour graphs of PR GM for the tested CIGS, CdTe, and a-Si:H/ c-Si:H PV modules as a function of mod and APE. In these figures, some obvious spurious data points have been filtered. At first glance, these three contour graphs share a similar appearance leaving aside some differences which are to be discussed below. In fact, PR GM data points appear when APE ranges from 1.79 to 1.91 eV at values of mod below 25 ∘ C, while these PR GM data points only appear within a much narrower interval of APE which varies between 1.86 and 1.90 eV when mod exceeds some 55 ∘ C. Thus, some of the measured low incident irradiances-values of in the vicinity of 300 W⋅m −2 -have been recorded under cloudy conditions. Under these conditions, transmission is enhanced in both the ultraviolet and blue range of the spectrum while water vapour absorption takes place at larger wavelength ranges [34] . Consequently, spectra obtained in overcast conditions are shifted to shorter wavelengths and lead to high values of APE. On the other hand, some of the data for these low incident irradiances have been recorded in the morning of clear and cold days, when the spectrum is redder than in the afternoon [35] so that this leads to lower values of APE down to 1.79 eV and values of mod below 25 ∘ C. Measured high incident irradiancesover 600 W⋅m −2 -are assumed to be related to fine weather. In such conditions, as raised by Ishii et al. [25] , the Rayleigh scattering which leads to an increase/decrease of the spectral irradiance at shorter wavelengths below 700 nm is balanced by the increase/decrease of "red" light due to water vapour absorption. This "offset effect" keeps values of APE within a relatively small interval around 1.88 eV. This interval gets even narrower-it varies between some 1.87 and 1.89 eV-as incident irradiance exceeds some 900 W⋅m −2 , a fact which is highly correlated with relatively high module temperaturesthat is, mod above some 60 ∘ C-in hot and sunny climates such as that of Jaén.
Figures 7 and 8 depict the contour plots of PR GM for the a-Si:H PV tested module in the winter and summer periods, respectively. The shape of the contour graph shown in Figure 7 -winter period-resembles those of Figures 4-6 . However, the values of PR GM obtained in the winter period take place at APE below 1.88 eV, which indicates a prevailing red-rich spectrum in this season. Only some sixty values of PR GM at APE above 1.88 eV were obtained. In fact, these values are omitted in Figure 7 due to their minor relevance, when compared to the remaining 3,500 points represented in the graph. On the other hand, the contour graph of Figure 8 summer period-shows how a sizeable number of values of PR GM take place at APE above 1.88 eV. Consequently, spectra shifted to shorter wavelengths play an important role in the hot season. The "red-richness" of the solar spectra recorded in the winter period owes a good deal to the sun altitude. In fact, Contour graphs depicted in Figures 4-8 provide us with some qualitative information to assess the influence of module temperature, which is first discussed below. Then, the impact of the spectral irradiance distribution by means of APE is to be analysed. can be assumed for [36] . However, the value provided by the CIGS module manufacturer for this parameter (−0.0045 ∘ C −1 ) helps to explain the noticeable impact of mod on the outdoor performance of this module. This is also derived from scanning Figure 4 in the horizontal direction, at a given fixed APE.
(b) Regarding the spectral incident irradiance distribution, both a-Si:H and a-Si:H/ c-Si:H specimens are very sensitive to variations of the shape of the spectrum. This can be easily noticed in Figures 6,  7 , and 8, since increasing values of APE-given a fixed module temperature-lead to higher values of PR GM , as a general trend. Doubtless, high spectral gains cause this behaviour, as values of SF −1 above 1.1 have been reported when the solar spectrum shifts to the blue [25] . Broadly speaking, blue-rich spectra cause spectral gains in the a-Si:H and a-Si:H/ cSi:H modules, according to (3) . Nevertheless, the CIGS module is also very sensitive to the spectral incident irradiance in an opposite way: decreasing values of APE-given a fixed module temperaturelead to higher values of PR GM , also as a general trend. Figure 4 also shows how this performance parameter is greater than 1 within some specific areas of the contour graph where APE is lower than 1.86 eV; spectral gains doubtless explain this, together with low values of mod . Contrary to the a-Si:H and a-Si:H/ cSi:H specimens-and also broadly speaking-bluerich spectra cause spectral losses in the CIGS module performance, bearing in mind (3) . Last, Figure 5 shows how the CdTe specimen is not so sensitive to APE, especially when mod exceeds a certain threshold; this can be easily checked by scanning this figure in the vertical direction at a fixed mod , when this parameter is greater than some 35 ∘ C.
Assessment of the Impact of Phenomena Influencing Performance Ratio over the Experimental Campaign.
A qualitative analysis on the influence of the solar spectrum distribution and module temperature on the considered PV modules has been presented in Section 3.2. However, in this section, we attempt to quantitatively assess the impact of these two factors on the performance of the four tested PV modules over the experimental campaign. Thus, in general, five phenomenawhich generally cause performance losses-mainly influence the outdoor behaviour of PV modules: Additionally, the a-Si:H PV module is subject to seasonal annealing, which must be properly addressed.
The effects of the above phenomena overlap over time and sometimes are rather difficult to clearly be distinguished. International Journal of Photoenergy This is why the experimental campaign was arranged in a way that is relatively simple to quantify the impact of both module temperature and irradiance spectral distribution. Thus, since all data were recorded at incident irradiance below 300 W⋅m −2 , low performance related to low-light levels is disregarded here [31, 32] . Also, the effects of dirt have been neglected in what follows; in fact, modules were cleaned manually at least once a month, except under rainy weather.
Leaving aside these two phenomena simplifies the way to make a quantitative estimation of the impact of the remaining ones on the outdoor behaviour of the tested PV specimens. Indeed, the used procedure to quantify these effects is detailed below.
If the module peak power is assumed to be equal to * NOM , nominal energy ( , in Wh) is stated as the energy which the tested PV module would have delivered over the experimental campaign if the module had ideally operated without any losses, with mod = 25 ∘ C and the same solar irradiation during that period of time:
where [W⋅m −2 ] is the th measured value of the incident irradiance and is the number of measured values. Factor 1/12 is used to reconcile units, keeping in mind that the samples were recorded every five minutes.
The final energy ( , in Wh) is stated as the energy that the tested PV module actually delivered over the experimental campaign, and it may be written as
where DC, is the th measured value of the maximum power delivered by the PV module. Obviously, PR is the ratio of to . It is commonly accepted to express this ratio in percentage units, so that it may be written as PR = ⋅ 100 (%) .
Temperature losses are obtained by calculating the difference between temperature-corrected and itself. For convenience purposes, these temperature losses ( mod ) are expressed in this work in percentage units, relative to :
where mod , is the th measured value of the module temperature. For each module, values of as provided by the manufacturer datasheets are used here. Losses derived from differences between * CAL and * NOM are obtained by multiplying temperature-corrected by a factor that takes into account this phenomenon. Also, for 
Regarding the optical losses experienced by the PV modules, a popular formula for the incident angle modifier (IAM( )) or relative transmittance is widely used, normalized by the total transmittance for normal incidence, where
[ ∘ ] is the angle of incidence between the rays of the sun and the normal to the surface. This is an expression [37] proposed by the American Society of Heating Refrigerating and Air Conditioning Engineers (ASHRAE):
where 0 is an empirical coefficient determined for each type of PV module. When unknown, as this is our case, a general value of 0 = 0.07 may be assumed. Equation (10) is applied to direct and circumsolar irradiances, while an approximate constant of 0.9 is used with isotropic and reflected irradiances [36] . Since the tested PV modules were deployed in the Northern Hemisphere on a south-oriented surface with a tilt angle (35 ∘ ) very close to the latitude (37 ∘ N), it may be assumed that [36] cos = cos cos ,
where [ ∘ ] is the solar declination and [ ∘ ] is the true solar time: = 0 ∘ at noon and is counted negative in the morning and positive in the afternoon. Given that experimental data have been recorded daily at 5-minute intervals from 10:00 ( = −30 ∘ ) to 14:00 ( = 30 ∘ ), Table 3 gathers some relevant values related to the optical losses experienced by the tested PV modules.
From Table 2 , it is clear that varied over our experimental campaign between 0 and 37.4
∘ , which correspond to values of IAM ( ) ranging from 1 to 0.98, respectively. Then, a reasonable value to take into account the effects of the AOI on an annual basis is 0.99. Indeed, albedo can be neglected in most PV calculations [36] ; in our case, the flat roof ground where the PV modules are deployed has a very dark ochre colour. Besides, direct and circumsolar irradiation highly prevails in sunny climates such as that of Jaén. Taking into account all the above considerations, the AOI losses ( AOI ) are expressed in this work in percentage units, relative to , too, as follows:
Last, the estimation of spectral losses ( Spec ) is rather straightforward, expressed in percentage units, relative to , as well: for the CIGS, CdTe, and a-Si:H/ c-Si:H PV tested modules, by means of (9) . Regarding the a-Si:H specimen, seasonal annealing causes a module power variation during its outdoor exposure. Thus, the peak power of this module was calibrated at the beginning of each month during the winter and summer periods, from December to March, inclusive, and from June to September, inclusive, respectively. Accordingly, the average values of these calibrated peak power data have been used between 0.7%-summer periodand 7%-winter period. Besides, all the tested modules experience similar losses related to AOI (∼1%).
As it could be easily anticipated due to its module maximum power temperature coefficient (−0.0045 ∘ C −1 , according to manufacturer's data sheets), the CIGS module is the most affected by losses caused by values of mod other than 25 ∘ C (10.3%). The remaining modules are less sensitive to the impact of this parameter, due to their lower values of , as commented in Section 3.2.
Spectral losses are scarcely relevant, in general, for the CIGS, CdTe, and a-Si:H/ c-Si:H PV tested modules. Anyway, it is worth noting that spectral losses turn into gainsnegative values of parameter Spec -for the CdTe and, above all, for the CIGS PV module. As commented in Section 3.2- Figure 4 -the performance of this module is enhanced when the spectrum shifts to longer wavelengths. This fact, combined with the prevailing "red-richness" of the solar spectra recorded over the experimental campaign, as derived from Figure 1 , is the logical explanation of the annual spectral gains (1.5%) experienced by the CIGS material. On the other hand, the a-Si:H module behaves in an opposite way from a spectral point of view. As shorter wavelengths of the spectra are enhanced in the summer period, this material experiences noticeable spectral gains (4.1%) due to its good performance under "blue-rich" spectra. These gains turn to losses in the winter period (4.0%). Anyway, it should be remembered that longer considered time intervals reduce spectral effects [38] . Thus, although not shown in Table 3 , Spec calculated for the CIGS PV module from December to March, inclusive, equals −3.9%-that is, spectral gains-while this parameter rises up to 3.4%-that is, spectral losses-when calculated from June to September, inclusive. Likewise-not shown in Table 3 , either-Spec equals 1.0% when calculated over the 12 months of the experimental campaign for the a-Si:H PV module.
Conclusions
The influence of module temperature and solar spectrum distribution on the outdoor performance of four thin film PV modules-a sample for each one of four considered technologies (a-Si:H, CIGS, CdTe, and a-Si:H/ c-Si:H)-has been explored by means of an experimental campaign arranged so that 60% of the collected incident irradiation over 12 months has been generated under solar spectra whose long wavelength light is enhanced, when compared to the AM 1.5G incident spectral irradiance distribution. In this sense, the inland climate of the site where the experimental campaign took place has allowed us to study the outdoor behaviour of the four tested modules under a "red-rich" solar spectrum. This has paved the way to analyse this behaviour under values of APE-ranging from 1.79 to 1.91 eV-lower than those explored in previous works-ranging from 1.85 to 2.03 eV-aiming at the same direction [18] [19] [20] . For each one of these technologies, a contour graph was obtained in which the module performance is depicted versus APE and mod . Despite not being an original approach, no such contour graphs have been produced yet for CIGS and CdTe modules, as far as we know. These figures have allowed us to carry out a qualitative analysis of the impact of module temperature and the spectrum shape on the performance of the tested PV modules.
(a) The performance of the tested a-Si:H, CdTe, and aSi:H/ c-Si:H modules shows little sensitivity to mod due to their low maximum power temperature coefficients. The higher value provided for this parameter by the manufacturer of the CIGS module explains why this device performs worse as mod increases, at fixed APE.
(b) Both the a-Si:H and a-Si:H/ c-Si:H modules noticeably improve their outdoor performance as APE increases-the solar spectral incident irradiance is enhanced at short wavelengths-at fixed mod . The trend is the other way round for the CIGS module; at fixed mod , its performance worsens as APE increases; that is, the solar spectral incident irradiance is enhanced at long wavelengths. Last, the CdTe PV module does not show such a strong dependence on this spectral index as the other PV specimens do.
Additionally, PR over the experimental campaign has been calculated for each tested PV module. Also, the impact of some phenomena influencing this index for each considered PV technology over the 12-month test and measurement period has been quantified and discussed.
The especially noticeable deviation of * CAL from * NOM in the a-Si:H/ c-Si:H PV module causes the most remarkable losses due to this phenomenon (8.7%). On the other hand, the seasonal annealing experienced by the a-Si:H material is reflected in the oscillation of these kinds of losses between 0.7%-summer period-and 7%-winter period. Nevertheless, all the tested modules experience similar losses related to the impact of the angle of incidence (∼1%).
As it could be easily predicted, given its module maximum power temperature coefficient, the CIGS module is the most affected by temperature losses (10.3%). The remaining modules are less sensitive to variations in module temperature, due to their lower values of .
Taking an overall view, spectral losses or gains are scarcely relevant-below 1.5%-in general, for all the tested modules when an annual basis is considered. This is not the case when the time interval of integration to calculate spectral effects is lowered down to four months.
Small annual spectral losses are experienced by the CdTe PV module (0.4%) and also small annual spectral gains are experienced by the CdTe specimen (0.6%). These gains rise up to 1.5% for the CIGS PV module; this is the consequence of the improved performance of this module under long wavelength light, as commented above, combined with the "red-richness" of the solar spectra recorded over the experimental campaign. Since the a-Si:H PV module behaves in an opposite way from a spectral point of view, its spectral losses are equal to 1% on an annual basis.
The impact of the spectrum is more noticeable when time intervals shorter than a year are considered. Spectral gains calculated for the CIGS PV module from December to March, inclusive, equal 3.9% while these gains turn to losses (3.4%) when calculated from June to September, inclusive. On the other hand, the a-Si:H PV module experiences spectral losses of 4.0% and spectral gains of 4.1% for the winter and summer periods, respectively.
Anyway, the small size of the sample and the relatively limited amount of available data-only a module from a specific manufacturer of each one of the four studied technologies, experiencing a 12-month outdoor exposure in a specific sunny suite-suggest using the above conclusions with caution. However, it should be remembered that many valuable contributions have gathered some sound conclusions on thin film PV module outdoor performance using measurements drawn from only one specimen [13-16, 18, 24, 39-41] .
Abbreviations

Terminology
AM:
Air mass ASHRAE:
American Society of Heating Refrigerating and Air Conditioning Engineers a-Si:H:
Hydrogenated amorphous silicon a-Si:H/ c-Si:H: Hydrogenated amorphous silicon/hydrogenated microcrystalline silicon hetero-Junction CdTe:
Cadmium telluride CIGS:
Copper indium gallium selenide sulfide c-Si:
Crystalline silicon IEC:
International Electrotechnical Commission PC:
Personal computer PV:
Photovoltaic(s) PVGCS:
PV grid-connected system(s) RTD:
Resistive thermal detector STC:
Standard test conditions. 
Symbols
